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Wo hava dovaloped a modaling and moasurement framawark
for assessing transport of contaminated sofls end akbomo
particulates into a rosidence, their subsequent distribution tndoors
via resuspension and doposition processes, and removal by
cloanting and budding exhalation of suspsnded particles. The
modal axplicilly accounts for the formation of house dust as a
mixturo of organic matter {OM) such as shed skin colls and
organic fibors, soi iracked-in on lootwear, and particulate matter
(PM) dorivod from the inffitration of outdoor air. We derived
formutas for use with measurements of inorganic contaminants,
crustol tracors, OM, and PM to quaniify solected transport
parameters. AppEcation of tho modal to residences in the US.:
Midwast indicatos that As in ambiant alr can account for
noarly 60% of the As Input to floor dust, with sofl ireck-in

roprasonting tho remainder. Historic data on Pb contamination -

in Sacramonto, CA, woro used to reconstruct sources of Pb
in indoor dust, showing that airzomo Ph was likely the deminant
source in tho early 1880s. Howevar, as airhorne Pb levels
doclingd duo to the phase-out of lsaded gasoling, soil

and track-in evontually bacame the primarv sourcos of Pb In
houso dust

Introduction

Inorganic contaminants can migrate to indoor environments
via Infiltration of outdoor air containing suspended PM and
truck-in of soll adhering to footwear (1, 2), Bxamples include
the transfer of contaminants into houses derdved from
atmosphoericemissions (9) and metals assoclated with mining
uperations (4. Aller entering a residence, inorganic sub-
stonces present In soll and alrborne particles become
incorporated Into houschold dusts, which serve as a primary
rescrvolr-for such substances (5), Young children can haveo
clovated contaminant exposures because they exhibit be-
haviors that Increase indirect ingestion by way of hand-to-
mouth activitiesand mouthing of various dust-contaminated

" objects, and Ingest dust al rates that are greater than adults

on a body-welght basis (6). For contaminants such as As and
Vb Indivect ingestion often constitutes the principal oxposure
mochanism for children (4, 2, and thercfore health-risk
assessinents heed to address transport mechantams that bring
contaminants indoors as well as the factors that influence
confaminant concentratiuns on contact surfaces indoors.
Of special intorest are fractlonation/dilutton processes ap-
plicablo to sofl/dust particles that adhere to hands and
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footwear and the lmplications for sofl/dust samnpling. It is

also important to chamcterize relatlonships between con-

taminant source terms and outdoor-to-indoor transport

processes to design, Implement, and ovaluate measures for

gunaglng health risks at contnmlnated sites (e.g. Superl‘mld
tes),

Conceptual frameworks (3. & and odels for shnudating
transport processes involving contaminated solls and Indoor
dusts have been presonted by several Investigators (1, 8- 10),
These studies, however, were not specifically designed to
support assessinents of dennal contacts with house dusts
containing Inorganic substances derived from both outdoor
alr and exterjor sofls. We have therefore devised a inodeling
and incasurement [ramework (o address the primary expo-
sure modia In residences related to indirect ingestion,

- consisting of floor dust and dust fall lantling on horizontal

contact surfaces. Because of the key role of house dust as
both a transport and exposure mediwm, we simulate its
formation as well as its redistribution Indoors via resuspen-
slon and deposltion progesses and removal by cleaning. To
guide the process of model parametrizotion, we present
equations that are used in conjunction with site-specific
mensurements of inorganic substances in Indoor and outdoor
media to quantify modsl parameters Involving particle
transport and bullding properties, We also conduct sensitiv-
ity/uncertainty analyses (o identlfy which parameters lwve
the greatest Iimpact on model predictions.

Mothods

Movement of inorganic substances to the indoor environ-
ment and subsequent incorporation and redistribution in
Indoor duats, as deplcted In Figure 1, Is govemned largely by
human activities, the built environment, a1t the nature and
sources of outdoor contamination. Track-In of soll on
footwear, for axample, Is a trangpott pathwvay that Is a function
of the number of adults in a household, amount of thne
children spend outdoors, etc. (11). In addition, walking and
other activitics resuspend floor/carpet particies to Indoor
alr, which are then redeposited on indoor surfaces and vented
from the house via air exchange processes (1), Cleaning
aclivities remove dust accumulations on indoor surfeces {(and
also résuspend/redistribute dust), but thelr frequency and
effectiveness varies according to cleaning devices used, types
of floor surfaces (12), dand cleaning behaviors of residents. As
the duration between cleaning activitles Increases, floor dust
loading (Lc., mass of dust per umit surface aren) Increases,

a3 does resuspenslon of floor particles because of increased
mass of resuspendable foor dust.

Relovant characteristics of the built environment aﬂ'ecllng
the flux of suspended outdvor particles to Indoor air include
the air exchange rate of a house and effectiveness of the
building shell In filtering out altbome particles. Filters in alr
handling units will also remove susponded PM. Indoor alr

" volume (detenuined by cefling heiglit and floor aren) controls

in part the predicied concentration of altborne particlea,
Floor area influences the magnitude of dust loading and
retention on floors. Particles penetrating the buflding shell
aresubseguently deposited onto horlzontal surfaces or vented
from the house; The chemical composition of both suspended
dust and dust fall Is a function of particles that have
penotrated the bullding shell and particles resuspended from
floor surfaces—which are a mix of particles froin tracked-in
soll, lidoor sources of OM, and deposiied particles dertved
from outdoor alr.

Transport Relationships, The transfer of inorgantc sub-
stances In outdoor air and soil to tho Interlor of a residencs,
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FIGURE 1. Concoptual dlagram  deploting the movomant of contaminetod soil and altbome pasticulates Into & resideace, subssguent
mixing with organlo mettor In floor dust, rodisttlbution Indoors via resusponsion, and removal by cleaning and oxhalatlan with
bollding alr. The varlabloa aro defined as (ollows: CLN Is tho first-ordor pasticle removal ato from floors dus (o oleaning activities, R
is tho resusponsion rato of flooy particlos to indoor alr, Dy is tho rato of dust fall to flvers, F.y is tho ffux of organie matter onto fleor
surfaces, T, is tho rate of sofl track-in on footwoar inlo @ rosidenco, Ach is the alr oxohango rafo; aad ¥, and v, are tho mean
doposition valocitios for rostispended partioles and sutdoor-dorivad aly particlos, rospeativaly.

and thelr subscquont fato In Indoor dust can be fosmulated
a8 a two-compartment mede! conslsting of an alr compart-
mont linked to a floor compartment via resuspension and
‘deposition processes. We have defined a system of time-
varylng mass-balance rolationships that stmulate dust fall
and the bulk accumulation and loss of particles on floor
surfaces together with (he assoclated concontratlon of an
Inorganic contaminant/tracer in those exposure media (See
Sulaponlng Information for derivation). PM entering the
. Indoor onvironment is assumed to be untformly mixed In
tho Indoor alr of a naturally ventilated residence and evenly
distributed on (loor surfaces. Biisslons of suibmicrometer
particles from smoking and cooking represent minor con-
tributors to dust due to their low deposition loss rates (13),
and theroforo thoy are not adkiressed in the model. We define
the flux of OM to floors as a tumped paramoter (o represent
the Input of lint, skin particles, organic flibers, food debrls,
etc. to Hoors. The concentmation (g g~') of OM In dust as woll
a3 soll and airbome PM s operatlonally defined by thoinass
loss on ignition (14),
~ As o mouns of oxamining the transport processes ad-
dressod In the mass-balance relationships, we have dorived
steady-state solutlons for selected modol parnmeters, The
mnss loading of dust on floor surfaces (Mg In g m~?) undor
steadly-state condltlons is a function of (a) inputs to floor
surfaces from the track-In of solls on footwear, OM fluxes
from Indoor sources, and the deposition of suspended dust,
and (b) romoval by cleaning and resuspension, or

L To+ Fou + Dy x Ay
! Ag(R+ CLN)

m

whore T, Is the rate of sofl track-(n on footwenr to a residence
{g 47'); Foem Is the flux of OM onto floor surfaces (g d~*); Dy
Is the rate of dust fall to floors (g m—2 d1); Ay Is the floor aren
afarostdence in?); Ris the resuspension sate of floor particles
to Indoor aly (d-"); and CLN defines the first-order particie
rotmoval rate from floors dué to cleaning activities (d*). The
cquation for detenmining the rte of dust fall indoors is glven

PAch H+TSP, .  ReMg
D= Rehn ¥y

At @

: ‘f-ho first tern represents the deposition of outdoor-derived
- PM that penetrates the bullding shell, where Ach I8 the air
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exchange rate (d"") for a residence; TSP, Is total suspended
PM In outdoor air (g m™3); H i3 the celling height (n); P Is
the dimenstonless penetration factor representing the particle
removal efliciency of the bullding shell (where 0 < P < 1);
and 7, is the mean deposition velocity (m d™!) of outdaor-
derfved PM settling onto floors. The second term in eq 2
quantifies the deposition rate of airborne dust generated by
the resuspension of floor dust by human activities (Le.,
walking, cleaning, vacwiming, etc.), where ¥, is the mean
deposition velocity (m d?) of resuspended dust settling on
floors. The dust fall rate can also be calculated as the product
of the concentration of TSP [n indoor air (denoted TSPy, in
g m-?) and the mean depasition velocity of suspended dust
particies (denoted ¥, in i d~1), that is, Dp = TSPy, X B

* The concentration of an outdoor-derived inorganic
substanco in dust fall, denoted C}; (ug g*), I8 given by

Car= ' ' .
AchH Gy, ;P TSP,+V(Ach-H + 9) +

Gii* My R*9{Ach-H + %)

ACRH P TSP, U (Ach+ FI19) ¥ My R-V(Ach-H + 95
: 3

where Cl;, , is the bulk concentration of the substance in

suspended outdoor air partides (ug g™ and Ch Is lts
;:oncenimllon in floor dust (g g™"), which can be calculated
rom

Gi=
VUG Fom + Co* T + Ach - HIC T, +
A PG, TSP, 9,
O, (Fy, + T, + Ach-AgeP-TSP,-H) + Ach-H(F_, +T)
@)
where G} Is the concentration of the substance In outdoor
- soll (ug g™ and Cix is Its concentration in OM (ug g'). An

alternative equation for determining My; that does not use
Dy as an inpu( parameter is

My =

(v, + Ach+ H)(9,(Fpq + T +
Ach+H(Fg, + T, + Ay* P-TSP,*V,))
A%, + Ach+ H)(CLN(V, + Ach+H) + R-Ach+H)
' )




‘The product of C and My represents the londing of o
substance on {loor surfaces, denoted Wh (rg m™3).
Contominant inputs/outputs for floors (in ug d) via
dopusliion fram outdoor-derved olr PM (denoted IN,y) plus
sull tracking (INiaa) andd subsequent removal by bullding

exhalatlon of patticles (OUTes) and cleaning

(OUT,,) aro colculated fram these formulas:
Ach+PH-CY,
Wa = <5 5achmn) o"Ma . @
INM = C:'TA m
- MyeGeR :
OUT . mﬁdi HeAy ®)
OUT‘N = CIN '.An' Mn' ql lﬂ)

whera G, s tho contanitnmut concentrution fn alr ggm =) and
exquals Gy, o % TSP

Paramoter Estimatlon, Several paruntetersinouranalytical

formulation cannot bo measured directly or are otherwise
difficult to quantify. We have therefore developed a sérles of
formulas that can be used In conjunction with site-specific
measuronionts of crustal sull tracers or Inorganic contominants
i Idoor and outdeor nedia along with TSP lovels by Indoor

and ottdoor alr, dust loading on Hoors, rate of dust fall, and -

ceiling holght. If the afr exchange rate for reskfonces can be
smdﬂcd._ then the penetration factor is calculated as

p  De(Gir = G ~ Ach<H-TSP(Ch ~ Gy )
Ach+ 11 TSP(Ch, , = C)

(o)
Othorwise, if P can be specified, then
- DGl ~ G
TSPy HIGH = G t) + P+ H TSP(Gy o — C)
: an
The resusponsion rate, given P cakculated from eq 10,1s

_ Dy + AchHOTSP,, — P-TSP)
My

Ach

j

(V)

Deposltion velocity estimates for outdoor-derived par-
ticles and resuspended particles indoors.are

o o o DG~ G
vﬂ TSI‘,,(Q - qm .) "3)
- Dl’(c:w o~ QI) (14)
! TSI’,.(C.'*_,, - c:q,l_t)

Dual mensurements of the concentrations of OM and fnorganic
substances (Lo, crustal tracors arxd/or contaminants) In indoor
and owtdoor medla together with data on buflding propertics,
TSP, and 9, can be used to detenmine the OM flix to floors and
the soil track-In rutc:

Ach-l\,.-H-P-’l‘Si’,-V,,((ﬂQ“ ~ G+
b= G oG~ GN + GG, —- G™)
e (@, + Ach-H)(CL - C=) +
: CHC™ - 1) + G (CE® - C=)

(15)

AcheAg H P-TSPY, (G, o(1 - G +
GiGapo — D + GG - Gip o) -

*T T % + Ach-H)G(1 - ) +
GIGE - 1) + Co(C™ ~ C)

(16)

floor dust, soll, and TSP (g g~*).

Soll Resuspension Model, Contaminants deposited onto
surficial, undisturbed soils are subject to redistribution via
acollan resuspenslon (15), which constitutes a potentlal
source tenn for the indoor environment due to Infiltration
of suspended particles across the exterior shefl of aresidence,
Ingeneral, resuspension decreases with imeas thedeposited
contaminant undergoes weathering processes (e.g., Incor-
poration of the contaminant within a soll matedx, vertical
migrationin soll, ctc.) that reduces the erudabiiity of a surficial
soll contaminant. The concentration of a sofl contaminant
in alr dus to resuspension can be determined from (/6),

Gu=Q-$§ (1"

where C3y Is the eoncmlfaﬂon of a sofl contaminam In

outdoor air (ug m~3), Q¢ Is the accumulated deposition of a
contaminant per unit surface area of soll (ug m=2), qnd S Is
{he resuspensfon factar (m~%), Tho value of Cf can be
calculated as the product of C}, the sofl depth applicuble to
resuspension, d (m), and soll density, p (g m™2), For aged soll
sources the value of Sy is approximately 10-2 m~? (16).
Model Asscssment. As a ineans of analyzing the factors
controlling transfer of soil and alrborne contaminants to
rosidentlal environments, wo used the assessment frameivork
to recons{ruct transport mechanisms associated with resi-
dential locations In the U.S, and The Nethetlands. Informa-
tion on the U.S. residences Is from the National Human -
Exposure Assessment Survey (NHEXAS) involving six Mid-
westernstates (17) and a study of Pb contamination involving
residences in Sacramento,  CA (18). Residences In The
Netherlands were from a neighborhood near a secondary Pb
ssnelter in the city of Amhiem (19). A detafled description of
tho multimedia sampling perfonmed for each study Is
provided In the Supporting Information. '

Rosuits vnd Discussion )

Transport Parameters. We used monitoring data colfected
for the NHEXAS Midwest and Amhem restdences to cstimate
both bullding (i.c. penetration factor and air exchange rate)
awd transport parameters {Le., resuspension rate and particle
deposition velocities) utilizing eqs 10— 14, The NHEXAS data
set Included infornatlon an the smoking status of house-
holds, which we used to identlfy nonsmoking households
that had data on the concentrations of As In both indoor
dust and alrborne TSP. Analyses of the relevant concentration
data indicated that they can be represented by log-normal

- probability distributions (sce Supporting Inforimation), The

geometric mean (GM) concentrations of TSP in indoor and
ouldoor alrwere 2.8 x 10-3and 2.4 x 10~*gm-?, respectively,
while the assoclated As concentrations in the suspended PM
(Clynannd Chp o) were 15,gg~" and 27 g g™, The geometric
mean rate of dust fall (Dg) was 3.0 x 10~ g m-2d~! and the
relatéd As content of dust fall (C}) was 7.4 ug g, The dust
loading on floors (Mp) was 0.28 g mi~2, Clayton et al. (12
estimated a median concentrution of As In the floor dust of
NHREXAS residences (Ch) as 5.8 g g . For comparison, the
GM concentration of As in sofls (C3) In the eastern US. Is
48 ng g (20—a factor of 5.6 lower than its concontration
Inairbome particles. The clevated value of G, , likely reflects
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tho impact of atmospheric As omissions from fossil fusel
-combustion (21). .

" Assuming a celling helght of 2.4 m (default value for all
‘analyses) and an alrexchange rate squal to 8.6 d~! for houses
.In the climate zones agsoclated with Midwestern states (22),

-the estimated value of I* §3 0.98 (from eq 10). The depasition -

‘velocity for outdoor-derived particles infilirating tho rest-
‘donces (V) Is equal to 18,8 m d* (eq 13), wherens the
depostiion velocity predicted for resuspended particles (%)
18 176 m d~! {eq 14), The deposition veloclty for TSPy, (%)
{s 107 m ¢~ and tho estimated resuspension rate () i3 0.011
d-! (eq) 12), Tho valuo for P Is near (is upper Hinlt of 1, which
means thai tho amblent As-bearing aervsols were able to
offectivoly penetrate the bullding shells of the residences
surveyed. Tho cstimated value of 9, for. outdoor-derived
particles folls within the range of 14—26 m d~! reported In
‘Thatchor and Layton (1) for particles 1-5 an in dlameter,
which cotresponds to tho sizes of most crustal eloments in
atrborne partictilates (23). Our estimato of ¥, Is also within
the range of 135 and 234 m d~! they reported for the larger
particiea assoclated with resuspension (l.e., 10—25 pm and
525 ant In dlameter, respectively). We also note that our
reconstricted value for R {3 a dally value, and thus resus-
pension rates for active, nonresting hours of residents will
ho highor(24). .

" ‘Ihe Arnhem study provided data on the Pb composition
of Indoor and outdoor TSP as well as indoor dusts for aboul
100 houses in a siugle neighborhood. Study results were
undifferontiated by smoking status of the households, and
ihe ratio of TSPy, (1.20 x 10! g m~?) (0 TSP, (6.40 x 1073 g
%) wns 1.88, compared with a ratto of about 1,17 for tho
smoke-freo Midwestern residences, To compensate for
sinoking emisstons, we divided tho reported dust fall rate of
7.7 x 107 g m~2 d! (which I8 doninated by resuspended
dust particies) by 107 m d-! (deposition velocity of TSPy, for
the Midwest housing) to obtain an adjusted TSP, value of
7.2 x 107% g m~, Wo also Incrensed the value of Ch,, » from
2.39 x 10% 10 3.8 x 10" ug g~! to account for the decreased
mass of suspeiuded I'M in indoor air. The reported GM loading
of dust on floors was 0.265 g 2, while the concentrations
of Pb in floor dust, dust fall, and TSP, were 482, 1,00 x 10°,
and 6.4 x 10° ug g™, respectively (see Supporting Inforna-
tion), '

. The reconstnicted Ach value for the Arnhom residences
of 108 d*! (from eq 11, with P = 1 to represent alder,
nonenargy officlont housing) fulls within the 10th and 50th
percentile Ach values (7 and 14 d-*) roported for a sample
of Dutch homes (25). Tho computed Indoor deposition
volocities (17.8 and 208 m d-! for.v, and ¥,) are comparable
to the results for tho NHEXAS resldences, but the estimated
resuspansion rate of 0.031 d-! s conslderably higher. One
oxplanntion for this difference is the vacuum cleaning that
occurred “once every | or 2 days” In the Amhem residences

(19). Vacuuming preduces a significant Increase In altborne |

PM that Is greater than 10 2m in diameter (26, 27), and the
clovated value of ¥, for the Amhem residences may reflect
this fractionation process. Differonces in the types of flooring
botween the Amhem and NHBXAS Midwest residences
further complicate comparisons betweon the resuspension
charucteristics of the housing, In addition, the mass Joading
data for tho NHEXAS resldences were based on wipe samples
of flat floor surfaces, but resuspended dust froin carpeted
surfoces undoubtedly contribuited to indoor TSP levels as
well. Carpets retain-more dust than bare (loors (26) and
resusponsion rates for carpeting are also greater than those
for bare floors (24). .

- Rstimates of OM Fluxes and Soll Track-In, Indoor dust
{3 o mixture of soll tracked into a resldence, PM derived (rom
ainblen! outdeor alr, and Importantly, OM Inputs from
varlous sources. A prominent feature of indoor dust Is its
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OM content, with levels of about 40 wt % in residential
housing (3, 29), We estimated the valucs of Fog, and T, for the

- Midwest resldonces using eqs 15 and 16 based on a reference

OM coutent of fleor dust ((}f) of 0.4 g g"; Ay equal to 110
nt’; OM cantents of TSP, (CER ,) and solls (C3*) equal to 0.3
and 0,02-g ¢~"; respectively (seo Supporting Information);
G, equal 1o zero; end other Input parameters as previously
defined, The resulting estimates of Poq, and T, are 0.074 and
0.009 g d™', respectively, The amount of soll tracked Into
residences, as measured by accumulations on entry way mats,
{s a complex functlon of housing occupancy, weather and
sofl conditlons, etc. (11, 30). Our anatysis of goll track-in data
(see Supporting Information) Indicates that a log-normal
distribution ‘with a geometric mean value of 0.1 g d-!
(geometric standard deviation (GSD) = 3) can be used to
characterize sofl-to-house transfers via foot traffic. The
reconstructed track-in value of 0,099 g d™! for the Midwest
residences compares favorably with the value based on soil -
{rackingmeasurements, Less {s known about the composition
of OM In house dust on a weight basis, howover, skin particles
and organic fibers appear to be major constituents. For
example, skin cells are constantly shed from people (31) and
they are high in N (32), which suggesta that exfollated skin
is a potential source of the elevated N content of house dust
(39). Scanning electron microscopy of house dust samples
has shown that dust contalns many fibers ranging from less
than 10 to over 100 sm In size, which are largely destroyed
using high-temperature oxidation—Indicating that they are
predominantly organic In composition (34). .
Contaminant Inputs and Removal. Accumulation of
contaminants on floors and other surfaces depends on the
magnitude of contaminant nputs to a residence and
subsequent removal by cleaning and exhalation of resus-
pended particles from thebullding. We used theInput—output
relnatlonships defined in eqs 6—9 along with the As media
concontrations, and the transport and housing parameters
developed for the Midivest residences to determine As Inputs
to and outputs from their floor surfaces. Soil track-in
accounted for 0.48 ug d-! of As Input to floors, while floor
doposition of As In outdoor PM derived from Infiltration
amounted t00.67 g d ! (58% of total). The primary parameter
controlling removal of floor dust is the cleaning loss rate
(CLN), equalt00.0053 d~! (derived fromeq 1). The associated
restdence time of floor particles (r = (R + CLN)™Y) is 61 d,
which Isless than an 85 d residence time based ona simulated
weckly cleaning scenario presented in Qlan et al. (10), but
greater than a 29 (+1) d residénce time glven in Allott et al.
(3) for a house in the UK. where vacuum cleaning occurred
on almost a dally basis. Significantly, over 80% of the As-
bearingfloor dust was removed by cleaning. Although particle
resuspension and then buflding exhalation to outdoor alr
constitutes a relatively minor removal pathway for floor
particles, resuspension—deposition serves as the primary
redistribution mechanism of floor dust and contaminants in
the indoor environment—accounting for nore than 90% of
the deposition flux of parilcles. Meyer et al. (35) found that
dust loading rates in a sample of German residences wera
directly related to the number of occupants, supporiing the
linknge between resuspension and deposition processes.
Sutton ot al. (18) conducted a study of Pb contamination -
at restdences in Los Angeles, Oaklad, and Sacramento, CA,
from 1987 to 1991 and found that Pb in paint was a poor
predictor of Pb In Indoor dust, To evaluate the potential
magnituile of Pb In outdoor afr as an alternative source of
Pb In the Sucramento restdences, we reconstructed the Inputs
of afrborne P'b to floors (IN,s) and inputs of Pb from sofl
track-in (INyaa) for the years 1982 and 1892, These years
encompass a perfod during which Pb emisslons to the
atmosphero decreased significantly due to the phase-out of
leaded gasoline, Paramotor values for Ach, P, Ag, and ¥, used
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FIGURE 2. Roconstruction of the conteibutions of outdoor air Pl to total Ph in floor dust for three scenatios of soil track-in to

Sacramonto rosilloncos.

1o comptite INg, (eq 6) are 11 %, 1; 110 m?, and 18 m d™,
respectively, while the values of Cj, for 1982 and 1992 are
0,30 and 0.020 ;g m™ (see Supporting Information), The
resulting estimates for INg, dropped from 350 zg d ! in 1982
10 24 g =" in 1992, To bracket the range of soil track-in rates,
we used rates of 0,05, 0.1, and 0.2 g d ', With C§ equal to 234
#g 8~ (18), the alternative INy values are 12, 23, and 47 ug
d"' of Pb. Figure 2 plots the fractions of total Pb input to
floors atteibutable to b derfved from outdoor air (lLe., [Ny,
+ (INyaer + INae)). Alrborne Inputs of Pb to floors In 1982
wure likely derlved from both direct automotive emissions
as well as secondary emissions from soll resuspension (36).
By 1992, though, soll resuspension alone could account for
nirborne Pb because the assoclated resuspension factor of
1 x 107" m~! calculated from eq 17 (with C, egual to 0,020
ag -t and G equal to 1.9 x 107 ug m~2 based on C} = 234
ng ! (8), d =005 m, and p = 1.6 x 10" g m™? (37) is
consistent with an aged soll source (16).

Uncertainty/Sensltlvity Analyses. Varlatlon in the con-
centrations of un inorganic substance In house dust depencs
largely on the nature and magnitude of its sources together
with modilying factors involving occupant characterlstics as
wellas dust and building properties. Tollustrate, lead loading
onfloors Is a key determinant of blood-lead levels in children
{7 mud because contaminant loading (W) is the product of
Mg and Ciy, the varlability in Whis a functlon of the variances
In the two input parameters, Assuming that Ciy and My, are
statistically independent and log-normally distributed, the
varlance tn Wiy is equal to (In GSD Wh)? = (In GSD Ch)? +
(In GSD M2 The GSDs of Wi, and Cf; for Pb in the dusts of
the Sacramento residences were 4.4 and 2.3, respectively
(18), and thus the GSD of My is calculated as 3.4. Based on
these GSD values, 68% of the variance in Wy, is accounted
for by the varlability In Mg and the remaining 32% Is
assoclated with Ciy. This apportioning ol variance Is conslstent
with the dominant role of human factors in controlling My
vin soil track-ih, OM fluxes, resuspension, and cleaning
uctivities.

To analyze the influence of model parameters on Wh as
well as the As content In dust fall, we conducted sensitivity
analyses of the changes In these parameters using data for
the Midwest restdences. The analyses are based on low-to-
high deviations from base-case values for the relevant input

parameters. For all of the model parameters except P, we
used the 10th and 90th percentiles of the parameter-specific
log-normal distributions to represent the low and high values,
while the GM defined the base-case values (see Supporting
Information for parameter values), We assigned a P value of
0.95 for the base case and 1 for its upper limit, and used a
value ol 0.9 to define the lower limit. As shown in Figure 3,
the cleaningrate Is the most linportant parameter controlling
Wi (catculated using eq 4 for Cfy and eq 6 for Mg) due in part
to our speclfication of a broad spectrum of cleaning rates,
Soil track-in Is another human-related parameter that exerts
a strong influence on As accumulation on floors. Additional
parameters controliing Wi listed in order of linportance are
the concentration of As in soil, the resuspension rate, As in
outdoor TSP, and floor area. Interestingly, Wi, is insensitive
to changes In the flux of OM to floors because it shnulta-
neously reduces the As concentration in floor dust (by
dilution) and increases dust loading. In contrast, the As
content of dust fall (from eq 3) is most sensltive to changes
In the measured As content of floor dust (and Indivectly its
controlling parameters such as soil track-in, OM loading,
etc.), resuspension-related parameters (i.e., R and My), and
parameters involving the airborne transfer of As to the Indoor
environment (l.e., Cy, o Ach, and TSP,).

Parameter Characterlzation. An important consideration
regarding soil track-in Is the fractionation caused by dif-
ferentlal particle adherence to and deposition from footwear
because it can produce a significant misalignment between
the concentration of a contaminant measured In outdoor
soll and in the soil actually tracked indoors (38, 39). Dust
adhering to soles of the footwear of people entering a
museum, for example, exhibited a bimodal distribution with
peaks at 28 and 64 2, while the greatest depletion of particles
(measured on exiting the museum) was In the 50—64 ym fn
size range, with smaller losses extending to about 150 ym
(30). The mass transfer of a soil contaminant on footwear
will thus depend on the chemical content of such “trackable”
particles, which Is controlled in part by the source(s) of soll
contamination.

Information on soll and dust transport processes as well
us data on particle adherence to hands supports the use of
two hasic particle size classes to characterize solls and dusts:
a fine fractlon consisting of particles <60 g in size and a
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coarse fraction >60 to 150 am. Posticles In the fine fractlon
preforontlally adhere to hands (40, 41) and footwear, ‘and
impottantly, they colnclde with the resuspendablo dust
pattices on floor surfaces. Moreover, Ndwards et al. (42) found
- that more than 99% of the dust pariicles depostted on glass
dlldes placed (n four Now Jersey hottses were under 50 um
in sizo. Deposition velocities calculated for resuspended dust
fn the NIIEXAS Midwest and Amhem resldences (l.e,, 175
and 206 m d 1) colcide with these particle sizes as well. Use
of tho 60 yam cut point demarcating fino particles is also
consistont with resuspenston experimonts conducted with
bulk sofl samples that demonstrate that soll size fractions
<75 s produce the highest ylelds of susponded PM loss
than 10 mn In acrodynamic diameter (49),
Although particle adherence to skin and resuspenston
_ potential of the coarss fraction of solls/usts are less than for
the fne fraction, the coarse partictes may stifl be important
froin an exposure standpolnt in cases where a contaminant is
rtially enriched on them (44). Coarse pardicles tracked
o o residence are redistributed on floor surfaces atong with
the (iner fraction by foot traflic (45) and togother these (wo
fractions account for over 60% of the ditst mass on floors (46, 47).
Tho concentrations and particle masses asseclated with the
tivo size fractions con be used (o calculate mmss-welghted
concentrations ropresenting model parameters (e.g, C and

.
. Onobenefitof tho dust modedis thatit establishes tho utility
of nteasviting both otitdoor TSP ad its compasition along with
sofl constituents to simulate Indoor dust contamination,
Heretoforo, relalonships botween dust contaminants, related
humnan oxposures, and outdoor contaminants have been
ovatuated mainly by empirical methods (48, 49. Becauss alr
aird sol) track-In transport pathways can now be analyzed In
termns of tholr individual contributions to dust contamination,
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risk-management strategles that are patinvay specific can also
badevised. Additionally, the dust mode} as currently formulated
pravides the context for Investigating data gaps concemning
relationships between human-related factors (e.g., household
demographics, cleaning practices and methods, efc.), housing
properties (eg. floor area and coverings, indoor furnishings,
elc.) and dust contamination, Further studles are needed as
well to evaluate altemative sampling methods for determining
the amount of resuspendable dust on various fluor surfaces,
dust fall rates, and importantly, the duration/frequency of -
sampling needed to capture time-varying (e.g, seasonal)
changes in dust tevels and contamination.
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